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We studied changes in seismicity in a source region of the Sumatra earthquake prior to the earthquake on 26
December 2004. Rate increases were detected for earthquakes of M ≥ 5.0 using the ETAS method, with the
assumption that independent events follow the Poisson process with at most only one rate change. Based on the
declustered catalogue, we obtained consistent changes with simple Poisson models. Temporal changes in mean
magnitude were obtained using the CUSUM method. b-values for three periods were calculated, taking into
consideration the results of the CUSUM analysis, which showed a 10-year period of an anomaly high b-value
followed by a 13-year period of a low b-value. The statistical signiﬁcance of this change was conﬁrmed by a
bootstrap method. Both changes imply activation of seismicity in the source region.
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1. Introduction
A giant earthquake occurred along the Sumatra-
Andaman subduction on 26 December 2006 (Sumatra
earthquake). This earthquake ruptured more than 1000 km
of the eastern boundary of the Indian plate (Bilham, 2005;
Lay et al., 2005) and was the largest in terms of magni-
tude (Mw = 9.0–9.3) in the world since the 1964 Alaska
earthquake. The mechanism of the earthquake suggests
that the earthquake was an interplate event, resulting from
the subduction of the Indian-Australian plate beneath that
Andaman microplate. The aftershock area extended about
1200 km along the Andaman trough.
At the present time, it is widely accepted that we can
only estimate the long-term probability of respective recur-
rences even when we have sufﬁcient geological and histori-
cal earthquake data to estimate accurate recurrent intervals.
In order to make the probability of an earthquake occurring
useful in practice, such probabilities on shorter terms should
be assessed through the premonitory stage of an earthquake.
Recent improvements in the assessment of seismic hazards
based on space and/or time patterns of regional seismicity
may provide reﬁnements of the probabilities on the shorter
term.
Tanaka (2005) examined correlations of tidal phases with
the timing of earthquakes that occurred before the Sumatra
earthquake and found that the correlations are more signiﬁ-
cant as the time of the Sumatra earthquake approaches. His
ﬁnding suggests that a critical level of stress appears over
a wide area over the source region. Mignan et al. (2006)
reported that the acceleratedmoment release (AMR) can be
identiﬁed in the regions of the Sumatra subduction system
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thatmust have been stressed before the Sumatra earthquake
and that the effect of AMR is clearest for the epicentral re-
gions at a level of statistical signiﬁcance. If these obser-
vations indeed represent the true situation, other types of
changes in seismicity should also be present in this region.
This paper focuses on possible changes in seismicity,
such as rate changes, changes in b-values, and mean event
size, which were associated with the Sumatra earthquake
over a wide area of the seismic rupture zone. For conclusive
results, it would be necessary to study both spatial and tem-
poral variations of these parameters; given our limited sam-
ple, we are therefore constrained to a study of only temporal
variations of the values. In this paper, we analyzed tempo-
ral changes in rate by two different methods: (1) the ETAS
(Epidemic Type of Aftershocks)method for the original cat-
alogue and (2) a simple Poisson model for a declustered
catalogue. The results obtained from bothmethods are con-
sistent. We also examine temporal changes in mean mag-
nitude by the Cumulative SUM (CUSUM) method and cal-
culate b-values for three periods divided by the suggested
change points. We discuss the statistical signiﬁcance of
these changes with results of a bootstrap analysis. Thus,
we were able to obtain reliable results of changes in rate
and mean event size.
2. Data
For this analysis, we used a data set taken from the U.S.
Geological Survey (USGS) National Earthquake Informa-
tion Center, PDE Monthly Listing. We based our selec-
tion of aftershock hypocenters on the criteria that the earth-
quakes occurred (1) over a rectangular area (Fig. 1(a)), (2)
at depths of 60 km from the surface (Araki et al., 2006), and
(3) between 01 January 1973 and 24 December 2004 (im-
mediately prior to the Sumatra earthquake). The study area
chosen was large enough to encompass the seismic precur-
sory phenomena related to the Sumatra earthquake. This
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Fig. 1. (a) Epicenter map before the Sumatra earthquake along the Suma-
tra-Andaman trench. The box indicates the study area. (b) The Guten-
berg-Richter magnitude frequency relation of earthquakes included in
the study. The cumulative number curve is shown for earthquakes from
1973 to 2004. The magnitude-number plots for 1973–2004 is denoted
by solid circles, and that for 1973–2001 is denoted by plus signs.
area included earthquakes governed by different kinds of
stress regimes: the thrust type of the plate boundary, the
ridge type in the back-arc opening, and the strike-slip type
of the fore-arc slide. They were not analyzed separately in
our study but used all together in the analysis since the data
set did not contain a sufﬁcient number of earthquakes for a
statistical analysis of each group. Only events with amagni-
tude of ≥5.0 were used in this study. This cutoff magnitude
was chosen by examining the magnitude frequency distri-
bution of the catalogue in such a way as to observe a stable
Gutenberg-Richter relation (Fig. 1(b)). For the shorter pe-
riod of 1973–2001, a stable Gutenberg-Richter relation was
still observed with this cutoff magnitude—with the exclu-
sion of the event of high seismicity just before the Sumatra
earthquake.
A catalogue declustered by the Reasenberg method
(1985) was also adopted, taking the effects of earthquake
clustering into consideration. In a catalogue declustered by
thismethod, themagnitude of amain shock is replaced with
that of equivalence to the total moment release in the re-
spective cluster. However, we kept the original magnitude
of the main shock for the following reasons. First, in an
analysis of the Poisson process, we are not concerned with
the magnitude of each event. Secondly, the formula used
for calculating the moment strongly affects the value of the
equivalent magnitude. The original formula employed in
the method was obtained from the USGS Coda magnitude
(Bakun, 1984), and it is clearly unsuitable in our case. Fi-
nally, in order to prevent the ambiguity of this point from
inﬂuencing the results based on the declustered catalogue,
we use the simplest approach, which is tomaintain the orig-
inal magnitude.
3. Changes in Rate
We assume that earthquake occurrences follow a station-
ary Poisson process; we denote the rate of this process as
μ0. However, in practice, a clustering of earthquakes is of-
ten observed. Therefore, we further assume that each event
may have its own daughter events as components of itsmag-
nitude. When we consider a change in rate, the Poisson rate,
μ1, changes to another value, μ2, at a certain time. Consid-
ering clustering, we apply two differentmethods, the ETAS
(Ogata, 1988) method and a declustered catalogue. Using
the ETAS method, we can build clustering features into the
analysis. If there is no change in rate, the hazard rate, λ0, is
given by
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where ti and mi are the time and magnitude, respectively,
of the i-th event occurring prior to time t of assessment. In
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where ti is the time of the i-th event.
To select the better model, the Akaike Information Crite-
rion (AIC; Akaike, 1977; Sakamoto et al., 1983) was used.
AIC is deﬁned by
AICi = −2 · ln Li + 2m, i = 1, 2, (4)
where m is the number of ﬁtted parameters in the model
and i refers to the ﬁrst or the second model, respectively.
In our case, there were ﬁve (six) free parameters for the
ﬁrst (second)model. The bettermodel produces the smaller
AIC. Therefore, when a difference in AIC between two
models is deﬁned by
AIC = AIC1 − AIC2, (5)
a greater positive value of AIC suggests a change in rate.
In our case, the optimal change point, tc, is surveyed from a
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Table 1. Difference in AIC between two models—change in rate and no change. ETAS indicates AIC values obtained by the ETAS analysis for
the original catalogue. Declustered indicates AIC values obtained by simple Poisson models for the declustered catalogue. The change point, tc is
indicated only for cases where AIC values are larger than 1.
M ≥ 5 M ≥ 5.5
Distance range ETAS Declustered ETAS Declustered
AIC tc AIC tc AIC tc AIC tc
0–1500 km 2.30 26/Aug/2002 5.30 26/Aug/2002 3.00 5/Oct/2000 3.80 5/Oct/2000
−500–1500 km 1.57 25/Oct/2002 9.26 25/Oct/2002 3.00 9/Mar/2000 7.30 26/Aug/2002
−500–500 km 0.20 — 0.57 — 0.73 — 1.00 —
−1000–0 km 1.00 — 3.52 6/Aug/2000 0.26 — 0.83 —
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Fig. 2. Cumulative number curves for the region of 0–1500 km. The
upper set depicts the cumulative number curve (solid) for the original
catalogue and two theoretical curves (dashed and dotted lines), which
are calculated by ETAS models with and without changes in rate. The
lower set depicts the cumulative curve (solid) for the declustered cata-
logue and two theoretical curves (dashed and dotted lines), which are
calculated by Poisson models with and without changes in rate, respec-
tively. The change point of signiﬁcance in rate was detected for both
sets on 26 August 2002.
middle point of the study period (1 July 1997) to 30 Septem-
ber 2004 every 30 days in such a way that the maximum
AIC is attained. When a declustered catalogue is ana-
lyzed, only the ﬁrst term at the right side of Eq. (5) is con-
sidered.
Two different cutoff magnitudes, 5.0 and 5.5, and sev-
eral different sampling zones along the N30W direction are
adopted for both the original and declustered catalogues.
AIC values are summarized in Table 1 and were obtained
by the ETAS method from the original catalogue and the
simple Poisson models for the declustered catalogue. Here,
distance from the epicenter of the Sumatra earthquake is
measured along the N30W direction.
The AIC values for two zones, 0–1500 km and −500–
1500 km, respectively are large, and rate changes are sta-
tistically signiﬁcant in the four different cases (two differ-
ent cutoff magnitudes by two different methods). In other
zones, AIC values in most cases are no larger than 1.0.
This implies that the seismicity rates in those zones that
correspond to the aftershock areas of the 26 December 2004
and the 28 March 2005 earthquakes became higher during
the last few years prior to the Sumatra earthquake. The op-
timal change points are determined in a period fromMarch
2000 to October 2002, after which the rate increased by 60–
100%. However, there were no rate changes in the extended
zones of the aftershock area to the southeast, or, if they ex-
isted, they were not statistically signiﬁcant.
Figure 2 illustrates the cumulative numbers of earth-
quakes at distances of 0–1500 km from the hypocenter of
the Sumatra earthquake. The upper set depicts the observed
cumulative curve (solid) and the two theoretical curves,
change (dashed) and no change in rate (dotted), which were
obtained by the ETAS method. The lower set depicts the
cumulative curve (solid) and two theoretical lines (dashed
and dotted), which were calculated by Poisson models with
and without changes in rate for the declustered catalogue.
The change point of signiﬁcance in rate was detected for
either set on 26 August 2002.
4. Change in Mean Magnitude
The CUSUM method proposed by Page (1954) for the
analysis of time series has been adopted in order to directly
examine changes in mean magnitude. CUSUM can be de-




(Mj − Mave), i = 1, 2, · · · n (6)
where Mave is the mean of the entire series.
Figure 3 illustrates the CUSUM for earthquakes (M ≥
5.0) within 0–1500 km. The abscissa is the event number,
and the vertical lines indicate the start of the year from 1975
to 2000 (every 5 years). Clearly, CUSUM indicates a de-
creasing trend from 1982 to 1990 and an increasing trend
from 1990 to the time of the Sumatra earthquake. To exam-
ine the level of statistical signiﬁcance, we generated 1000
series by a bootstrap method (Efron, 1979), each of which
consists of 314 earthquakes identical to the original series.
Each line of the ﬁgure connects the upper one percentile
of Ci , the upper ﬁfth percentile, the upper tenth percentile,
the lower tenth percentile, the lower ﬁfth percentile, and the
lower one percentile for each event. The ﬁgure reveals that
amajor part of the CUSUM line after 1990 is lower than the
lower tenth percentile line. This implies that the increasing
trend after 1990 is highly signiﬁcant.
Taking the CUSUM chart into consideration, we plot-
ted b-values for three periods (corresponding to the three
trends) in Fig. 4. Vertical lines indicate the uncertainty
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Fig. 3. CUSUM for earthquakes with a magnitude ≥5.0. Each border line
of the shadow part connects the upper one percentile of Ci , the upper
ﬁfth percentile, the upper tenth percentile, the lower tenth percentile, the
lower ﬁfth percentile, and the lower one percentile at each event. Each
percentile is estimated from a bootstrap experiment with 1000 series of
events.























Fig. 4. b-values for three periods. The study period is divided into the
times of the peak and the trough in the CUSUM chart in Fig. 3. The
ordinate plots the maximum-likelihood b-value, with its standard error
(Aki, 1965). Shadows indicate the upper one percentile of the b-value,
the upper ﬁfth percentile, the upper tenth percentile, the lower tenth
percentile, the lower ﬁfth percentile, and the lower one percentile.
range of each b-value. In the same way as in Fig. 3, the up-
per one percentile of the b-value, the upper ﬁfth percentile,
the upper tenth percentile, the lower tenth percentile, the
lower ﬁfth percentile, and the lower one percentile are
shown. This plot indicates that a high b-value for the pe-
riod of 1981–1992 is highly signiﬁcant and that a relative
low b-value for 1992–2004 is signiﬁcant at the 5% level.
Figure 5 illustrates the CUSUM obtained from the
declustered catalogue, which contains 250 earthquakes.
The ﬁgure presents Ci values below the lower ﬁfth per-
centile. The main features, decreasing and increasing
trends, as in Fig. 3, are preserved in the ﬁgure. Figure 6
depicts three b-values (as in Fig. 4, together with six differ-
ent percentiles). This plot conﬁrms that a high b-value for







































Fig. 6. Same as Fig. 4 but for the declustered catalogue.
5. Summary
The Sumatra earthquake was preceded by a period of an
abnormally high b-value, which is statistically signiﬁcant
for both the original catalogue and the declustered cata-
logue. This ﬁnding may be consistent with the hypothe-
sis that large earthquakes are preceded by periods of ab-
normally high b-values (Smith, 1998). This period may
have begun as early as 1980 and continued until 1990, after
which the mean magnitude increased to yet a higher value
up until the time of the main earthquake.
This change in b-value implies that the seismic moment
released by background seismicity accelerated from 1980
up to the time of the Sumatra earthquake—if seismicity
rate in this period remained unchanged or increased with
time. Actually, we detected seismicity rate increases 2–4
years prior to the Sumatra earthquake. Both ﬁndings are
consistent with an AMR, which was reported by Mignan
et al. (2006). These researchers studied AMR related to
the Sumatra earthquake in detail with a statistical approach
in approximate 250-km-long segments along the Sumatra-
Andaman subduction and concluded that the AMR was
clearest for the epicentral regions with a signiﬁcance level
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of less than 2%. We found changes in seismicity consistent
with this conclusion using a popular and statistically com-
prehensive approach. Jiang and Wu (2005) concluded that
a reliable preshock AMR process existed before this earth-
quake, with the duration of a quarter of a century. Their re-
sults suggest a premonitory change in seismicity of a much
longer time duration than that indicated by the present re-
sults. This gap may have been due to the differences in
study areas. Jiang and Wu (2005) used a circular area with
radius of 800–1500 km centering at the hypocenter of the
Sumatra earthquake. Their study area included earthquakes
much further from the trench axis than those in our study,
which were taken from the rectangular area 1000–2000 km
along the trench. Seismicities far from the trenchmay trans-
form the temporal variation into a gentler and longer range
conﬁguration.
In conclusion, we detected signiﬁcant rate increases in
the source region of the Sumatra earthquake 2–4 years prior
to the event. We observed a 10-year period of an anomalous
high b-value followed by a 13-year period of a low b-value.
The statistical signiﬁcance of this change was conﬁrmed by
a bootstrap method.
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